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Abttfct 

It is shoim that a ganaral n-*atep ayvaetry breaking pattern of SO(4Kf2) 
down to SUQ(3)xSUj^(2)xUY(l)t which uses regular subgroups only, does not allow 
lotr-energy left-right syeaetry restoration. In these theories, the saallest 
mass scale at which such restoration is possible is *» 10^ GeV as in the SO(IO) 

case. 

We also find that the unification mass in SOCAK-fl) GUTS must be at least 
as large as that in SU(5). These results assume standard values of the 
Weinberg angle and strong coupling constant. 


s 


I. Introduction 

The unification 811(5) of Gaorgl and daalMiw la tha oMillaat 

tlspl«! group irtilch contalna tha low^anargp gauge group i 

SUq(3)xSU^(2)xOy( 1)« Although tha SU(5) aedal haa baan qulta mceaaaful in 
aona araas, it laavaa aona quaatlona unanawarad. Ona of thaaa quaatlona 
concama tha natura of parity violation* In the SU(5) nodal, laft'-rlght 
aynnatry(^) violation la Intrlnale, that la, It la lapoaad at tha outaat* 

Thia la aeathetlcally unappealing and leada ua to eonaldar thaorlaa with 
apontaneoualy broken left-right avnaatry. Tha alnpleat grand unified theory 
which la left-right aynantrlc la the SO(IO) theory of Frltaach and 
Mlnkowakl^^) and Georgl^^^. It contalna tha aubgroup S0 tj} (4) s SU|^(2) x 
SUj^(2) under which the left-handed femlona tranafom aa and their 

charge conjugatea tranafom aa (^«^)* Thua, aa long aa rmalna 

unbroken, left-right ayaaetry axlata (for tha phenonanology of SUj^(2) x SU|^(2) 
X U(l) theorlea, aae ra.f*(5))* At what energy acale la S0|n(4) a good 
aynnetry? Ualng the nethod of Georgl, Quinn and Weinberg^^^ and known valuea 
of the Weinberg angle, ®w. and of the atrong fine atructure conatant, Og, 

(both evaluated at M^), It haa been ahown that S0j^g(4) aynnetry can be 
veatored only at energlea larger than 10^ Gav(^). The queatlon we aak (and 
anawer) In thla paper la the following: can S0(4R4>2) (K>2)^^^ grand 

unification groupa be found which exhibit low-energy (0(H,^)) l:.ft-rlght 
aymaetry reatoratlon? If we aaauaa atandard charga, color and weak I-apin 
aaalgnnenta for the femlona^^\ that only regular aubgroupa^^^^ are allowed 
In the aynnetry breaking pattern and that atandard valuea of aln^O^ and Og are 
uacd, then we find that the anawer la no* The loweat naaa acale for left- 

Q 

right aynnetry reatoratlon la 0(10 CeV) aa In the SO(IO) caae* Thla reault 
la. In a aenae, akin to that of Dawaon and Georgl^^^^ for SU(N) groupa* They 
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•hoir that under eur «*su^ptlene» the unification anee In ell iitdelU r 

le the saae eo In the 80(5) eeee* 

This le ortenlaed ee follouet in See* eo eolleet eeae tiiiairel 

reeulte on n^atep eyetry hre^iins petteme* le See* HI, ee writfi i ee p o^tiM 
noet generel eyaeetry hrMklnf pattern of «e SO(4K42) i^ip to throsilic 'i 
regular euhgrcnspe ehleh eould allow low-energy left-right ayaaetry' 
restoration* Sec. tV uses the known ranges of veluee for aln^0^(tl^) end 
a^(M^) to lapoee eons rj^ints on the left-right eyegeatry restoration aasa SMla, 
In the sysnetry breaking pattern of See* III* Sec. V aunarlaes our results 
and lists possible ways to evade the conclusions of our anslysle* 


II. H-Step Synsatry Breaking In General 


Let G be the unification group. As previously stated, we aaauae standard 
charge, color and weak I-spln assigneents for the feralons. As In ref. (12), 
we consider an N-step syaaetry breaking pattern of 6 down to of the fonii 


C -i gJ X gJ X uj(l) X uj(l) -♦ .... -i G^ X gJ X n ^ 


[uj (1) X oj (1)] 



( 2 . 1 ) 


In Eq (2.1), the superscript C (F) indicates that the non-abellan group 
Gj (Gj) (j - 1...N) contains SUc(3) (80^(2)). We also have 

° 5 -l * U^j^l). j-2. — W. r • C or F, (2.2e) 


with 
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<sj t cj 1 sn,^< 2 ). n^(i) C 1 (ojd) » oJcD). (2*») 


In Eq (2.2b), T dnnotM th« hypnrebnrg* operator of tho WoinbergHtalMi cboery. 

Thus, in Eq (2.1), tho unlfinotlon aooo (ot vbieh color and flavor bra 
flrat aeparatad) is ai^ tha oaak I-apin oaot aeala la i 

Next, we uoe tha ranoraallxation group aquationa^^^^ for tha variooa 
»auge coupling! to obtain aquations for o^(H^) . ®1 * 

where gg and g^ are the gauge couplings of the groups SUq( 3) and SQj^(2) 
respectively) in teros of the interoediate aass scales in Eq (2.1). Following 
ref. (12), we define 


a 2 i Tr(Y^) , 

Tr(li) 

6s« 

r s [l - (1 + a 2) ain^e^]. 


(2.3a) 


(2.3b) 


6 * 0 “^ a 

* . - ^1 . 


(2-Jc) 


X, 5 tn-J— i-1, H, 

^ "i+1 


(2.3d) 


where is the electrooagnetic fine structure constant, is the diagonal 
generator of S0j^(2), 



and all coupling constants ara avaluatad at (2M^)^. For standard charge 
assignoents, A^ is given by its value in the Stl(5) oodal, i.e. 

a2 . 5/3. (2.5) 

Using the results of ref. (12), we oay write: 


. 
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N 

r - I a 

J-1 ^ 


N 

A - I b 
j-1 ^ ^ 


original 

OF FOOT'* 


page is 

OUAUTV 


(2.6a) 


(2.6b) 


where 


‘j " ^j 


(2.7a) 


b, . c5 - c^. 


(2.7b) 


Here, (r - C or F) are the eigenvalue of the second Caslmli 


operator acting on the adjoint representation of and the enbedding 

coefficient of the hypercharge Y Into respectively. is a 

f IT ^ 

measure of the fraction of generators of ' which go into the makeup of Y. 


If we write 

Y - + Y', 

with (Y') contained (not contained) in then 


( 2 . 8 ) 


= Tr [(Yj^’^^)2]. (2.9) 

Tr [13^] 

The formalism of Appendix B of ref. (12) gives a straight-forward way of 
calculating [n^' "^ ] for any group (for the SU(N) case, these may be found in 
ref. (11) and ref. (14). We list the values of and below: 


C 



r N = SU(N) 

< N-2 Gj^^^ = S0(N) 

0 g/*^^ = U(l), 


(2.10a) 
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C 

J 


ORIGINAL page IS 
OF POOR QUALITY 

SUc(n) , 




5 SOj,(n) 


V. 1 




s SUp(») 

G^ S SOp(B) 
(2.10b) 


Using Eqs (2.10a,b), vc evaluate a^, b^ of Eqa (2.7a,b) for the 
intermediate subgroups which will be relevant to later discussions. Let 
denote the intermediate syometry group which is unbroken at the 1th*-step of 
symmetry breaking. Then we have: 

- - 3 Aj, bj- A^ if S SO^(n^) x SO p(m^) (2.11a) 


a^ - - I A^ + bj - A^ + 2 if Kj = SUg(n^) x SOp(m^) x U^(l) 

(2.11b) 

aj - - 3 Aj + b^ - Aj - 2 If = SOg(nj) x SUj.(m^) x U^(l) 

(2.11c) 

a^ - - 3 A^ + 4, b^ - A^ if 5 SU^(n^ x SUp(m^) x U^d) x U^(l), 

(2. lid) 

where 

A^ = n^ - m^. (2.12) 


III . N-step Symmetry Breaking for SO(4k+2) 


We now let G i SO(4K'f2) and consider an N-step symmetr.' breaking pattern 
of G down to G^^, subject to the contraint that only regular subgroups of G be 
allowed to appear. From Dynkin^^^\ we see that the subgroups can only 

be of the form S0(2i), SU(t) (1 < iK-fl). This constraint also implies that 
once an SO(2t) group has broken do»m to an SU(m) subgroup, this SU(m) can only 
break down into subgroups of the form SU(n^) x SU(n 2 ) x U(l) (nj4n2^m). 

We consider the following symmetry breaking pattern: 
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•'i 

a * so^< * S0p<«^) 


M . M 

SOg(n^_j)x SOy(«^_j) 8Uj.(n^) « 80p(«^) x 0®(l) 


c ® /» 


♦ ...♦ G 


wn 


(3.1) 


For this patcorn, Eqt (2.6a,b) becone: 


r - 


-2 ?■• 2 6"^ 1ft 

I I Vl ■'■ T ^ *1 ^ I *1 “5 

i«l ^ ^ ^ 1-a ^ 1-e ^ ^ 


(3.2a) 


A - 


N-1 0-1 

I 4,x, + 2 I + 


1-1 


l"a 


* *N’ 


(3-2b) 


where la defined as in Eq (2.12)^^®^. The relevant quantity In our 
analysis will be G, defined by: 


6x0 -1 


1 0 vii« — i ^ ® 

” ' T ■*■ y “ — rr“ ~ ^ “ y o^^» 


where all couplings are evaluated at • (2M^)^. Dawson and Georgl^^^^ have 
shown that If Mq denotes the unification mass in the G = SU(N) case, then 


G - In Mg. 

?r 


(3.4) 


From Eqs (3.2a, b) we flnd^^^^ 


■ i - i * v 2 r «,. 

j — * j * 


(3.5) 


1-6 


1-0 


If we set 


Xj ■ 0 1-1, B-l, 


(3.6) 
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thtn only groupa of tha fon 


SUc(nj) X SOp(«^) X n [0^^(D X Uj^(D] (3.7) 

can appear In Eq (3.1). The unification aaaa la given hy 


In M • I 


Q, 


1-6 


(3.8) 


which is the SU(N) reault atated above. That thla ahould be the caae can be 
seen by realizing that all aubgroupa of the fora in Eq(3.7) are contained 
within the SU(2K-4-l) aubgroup of SO(4K-)-2). Thus, the fact that they are also 
embedded In S0(4K4-2) becomes Irrelevant. 


IV. Constraints on Haas Scales 


We now proceed to find constraints on some of the intenaedlate mass 
scales appearing in Eq(3.1). We are especially interested in constraints on 
Mg. the scale at which the flavor group changea from an orthogonal group to a 
unitary one. This change signals the breakdown of left-right syaaetry amongst 
the fermions since SO^(b) treats both particles and their charge conjugates In 
an identical fashion. Thus, it is at Mg that the flavor interactions becoae 
left-handed. 

We shall use values of sln^0j^(M^,) and In the ranges^^®^ 

sin^ey(M„) - 0.19 - 0.24 (4.1a) 

Os"^(M^,) - 7.5 - 9.3 (4.1b) 

We shall also take a^”^(M^) to be^^®^ 


ORIGINAL PAGE IS 
OF POOR QUALITY 


10 




(4.2) 


The quantity that ve are Intereated in la 


r • J . *1 

w 1-B 




(4.3) 


Since all the (i"l, ~ — , N) are non-negative, we nay uae Rq(3.5) to 
find the crude bound: 

♦ < n, (4.4) 

with equality if and only if all Xj (1 ■ a, — , 6-1) vanish. In this case 
only groups of the form 80 ^( 0 ^) x SOp(iBj) appear in Eq (3.1). Since we have 
the bound 

n > 28 (4.5) 

for sln^e^ and as In Eqs (4.1a,b), this Implies that when x^ (l«o,..B-l) 

vanish, left-right symmetry can only be restored for > 10^** GeV. This would 
also Imply that the unification mass, Mj, of Eq(3.1) could be larger than 

GeV. This result agrees with those found in ref. (19) where the two- 
step case 

M M 

S0(N) SO^(nj) X SOp(m^) G^^ (4.6) 

Is treated. 

We can find a better bound on ♦ as follows: from Eq(3.5), we have 



M 

. • <* 

Let us compute in n-: 

"a 


(4.7) 


OF POGH QUAi-liV 


M 6 e-i 

to |j- ■ y *1 ■ I + Xg ■ 2 (« - ♦) + Xg. (4.8) 

8 l“o l“o 

Oaing Eq(4.3), w« find 

tn **a - In **a tn **8 - 2 Q - ♦ + X. > 2 0 - (4.9) 

since X. >0. If we now isake the reasonable assumption that the unification 

P — 

mass, must be less than the Planck mass Mp ' 10^^ GeV ■* 10^^ we arrive 
at the constraint: 

N N H 

in ' 39 > I X. > ^ X • In ~ > 2 n - (4.10a) 

M " 1-1 ^ 1-0 ^ w 

V 

or 

♦ > 2 n - 39 > 17, (4.10b) 

or 

M- > 10^ CeV, (4.10c) 

where Eq (4.5) was used In Eq (4.10b). Thus we see that the pattern of Eq 
(3.1) does not allow low-energy lcf*--»“ight symmetry restoration. Since the 
pattern of Eq (3.1) Is the most general one (subject to our earlier 
constraints) which could give rise to low-energy left-right symmetry 
restoration, we must conclude that this phenomenon Is not compatib*.e with our 
assumptions. 

We may extract one more piece of information from this analysis; using 
Eqs (4. 4, 4. 9), we find that 

in ^ > fi (4.11) 

M 

V 

This implies that the unification mass for the pattern of Eq (3.1) can in 
general be no smaller chan 10^^“^^ CeV. 
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V* CoKcltftlottt 


Civ«Q our attuaptiont on the aeelgnxant of fiiraloa quantua auahara » the 
fora of the ajraactry breaking pattern of S0(4K*»‘2) down to and the values 
of aln^e^ and a^**^ , the aaea scale at which left*rlght eyaaetry restoration 
occurs aust be > 10^ GeV. In this respect, the general SO(4Kf2) case end the 
SO(IO) case are Identical. If we want left*rlght syaaetry to be restored at 
energies of the order of we aust relax soae of the assuaptlona aade 
here. The possibilities are as follows: 

1. We aay allow non-standard asslgnaent of feralon quantua nuabers. 

In ref. (12,20), an S0(14) based CUT, with non-standard charge 
asslgnaents Is exaalned. In this theory, renoraallzatlon 

group arguaents allow the appearance of S0j^j^(4) at aass scales 
such that 3M < < 10^ M . 

2. We can argue that sln^8^(M^), Og“^(M^) do not have to lie In the 
ranges given in Bqs(4.1a,b). Rlxzo and Scnjanovlf^^^^ have argued that 
sin 6^ aay be as large as 0.27-0.31, when right handen current effects 
are taken Into account. This would then allow Mg to be 0(M^,). 

3. Non-regular subgroups of SO(4K+2) could be allowed in the syaaetry 
breaking pattern^^^^. This possibility will be treated In e later 
work. 

* include Hlgfs boson effects In the renoraallzatlon group 


equatroir.s (see ref (23)). 
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Ite also found that unification aass scale in the S0(4K't>2) theories has to 
be at least as large as that in SU(5). If proton decay is not seen in the 
near future, it aay be because Nature prefers an SO(4K-f2) unification group* 
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